Abstract: It is expected that the magnetic field in the surface of magnetars do not exceed 10 15 G. However, in heavy ion collisions, this value is expected to be much higher. We investigate the effects of a magnetic fields varying from 10 18 , to 10 20 G in strange matter (composed of u, d and s quarks). We model matter as a free gas of baryons and mesons under the influence of an external magnetic field. We study the effects of such strong fields through a χ 2 fit to some data sets of the STAR experiment. For this purpose we solve the Dirac, Rarita-Schwinger, Klein-Gordon and Proca equations subject to magnetic fields in order to obtain the energy expressions and the degeneracy for spin 1/2, spin 3/2, spin 0 and spin 1 particles, respectively. Our results show that a field of the order of 10 19 G produces an improved fitting to the experimental data as compared to the calculations without magnetic field.
On the other hand, the magnetic fields involved in heavy-ion collisions [10] [11] [12] can reach intensities even higher than the ones considered in magnetars [13, 14] . As suggested in [10] [11] [12] and [15] [16] [17] it is interesting to investigate fields of the order of eB = 5 − 30m 2 π (corresponding to 1.7 × 10 19 − 10 20 Gauss) and temperatures varying from T = 120 − 200 MeV related to heavy ion collisions. In fact, the densities related to the chemical potentials obtained within the relativistic models framework, in all cases, are very low (of the order of 10 −3 fm −3 ). At these densities the nuclear interactions are indeed very small and this fact made us reconsider the possibility of free Fermi and Boson gases, but now under the influence of strong magnetic fields.
In a recent paper [18] , the author studies the synchrotron radiation of gluons by fast quarks in strong magnetic fields produced in heavy ion collisions and shows that a strong polarization of quarks and leptons with respect to the direction of the magnetic field is expected. The polarization of quarks seems to be washed out during the fragmentation but this is not the case of the leptons. The observation of lepton polarization asymmetry could be a proof of the existence of the magnetic field, which may last for 1 − 2 fm/c. This slowly varying magnetic field could leave its signature in the particle yields.
The purpose of the analysis we present in this paper is to check if the inclusion of strong magnetic fields can improve the fitting of experimental results. We start from the simplest possible calculation, assuming that the magnetic field is homogeneous, constant and time-independent. We are aware that it is not the case, as shown in [19, 20] , where the shape of the magnetic field presents a special non-trivial pattern. Moreover, from the calculations performed in these references, one can see that after averaging over many events one is left with just of the components of the magnetic field. Nevertheless, the eventby-event fluctuation of the position of charged particles can induce another component of the magnetic field (perpendicular to the remaining one in the average calculation) and also an electric field, which is quite strong at low impact parameters. While the magnetic field remains quite high in peripheral collisions, the opposite happens with the electric field. To make our first analysis as simple as possible, we shall restrict ourselves to data at centralities of the order of 80%, i.e., high values of the impact parameter b ≃ 11 − 13 fm, where we are more comfortable to disregard the electric field effects.
In the present paper we briefly revisit the formalism necessary for the calculation of particle densities subject to magnetic fields and the expressions used to implement a χ 2 fit to the experimental results.
Formalism
We model matter as a free gas of baryons and mesons under the influence of a constant magnetic field. We consider only normal and strange matter, i.e., the baryons and mesons constituted by u, d and s quarks: the baryon octet (spin 1/2 baryons), the baryon decuplet (spin 3/2 baryons), the pseudoscalar meson nonet (spin 0 mesons) and the vector meson nonet (spin 1 mesons), which leaves us with a total of 54 particles (18 baryons, 18 antibaryons and 18 mesons).
We utilize natural units ( = c = 1) and define ǫ 0 = µ 0 = 1. From the relation α = e 2 4πǫ 0 c we obtain that the electron charge is e = √ 4πα, where α = 1 137 is the fine structure constant. The natural units with the electron charge in that form is known as Heaviside-Lorentz units [21] .
In this work, the magnetic field is introduced trough minimal coupling, so the derivatives become
We write the charge as q = ǫ q |q|, where ǫ q = +(−) corresponds to a particle with positive (negative) charge, and assume the gauge
and the derivatives
We search for solutions of the fields ψ in the form 5) where ψ α are the components of the field ψ and ǫ = +(−) corresponds to the states of positive (negative) energy. For the spin 1/2 baryons (Dirac field) ψ has 4 components, for the spin 3/2 baryons (Rarita-Schwinger field) ψ µ has 16 components, for the spin 0 mesons (Klein-Gordon field) ψ has just one component, and for the spin 1 mesons (Proca field) ψ µ has 4 components.
Due to the use of statistical methods to deal with the system under consideration, we do not need the complete expression for ψ, but just the form of the energy E for each one of the fields and the degeneracy of the energy levels γ.
Spin 1/2 Baryons
The baryons with spin 1/2 are described by the Dirac Lagrangian density [22] 
which (after we apply the Euler-Lagrange equation) lead us to the equation of motion
where γ µ are the Dirac matrices. The solution of the equation of motion gives 8) where ν runs over the possible Landau Levels and the degeneracy for the energy states are given by:
Spin 3/2 Baryons
The baryons with spin 3/2 are described by the Rarita-Schwinger Lagrangian density [23, 24 ] The solution of the Rarita-Schwinger equation is not trivial and poses non-causality problems. To obtain the degeneracy of the energy states, we follow the prescription used in [22] , which is given in detail for the Rarita-Schwinger equation in [25] . Observing the equation of motion one can see that each component of ψ µ obeys a Dirac type equation, so the energy must have the form
Besides that, ψ µ has 4 components, but, two equations are constrainted, which means that only 2 components of ψ µ are really independent. So, ψ µ have 2 polarizations, but, (because of the Dirac equation solution) each polarization are double degenerate. In the presence of a magnetic field there is another constraint for the ν = 0 and ν = 1 energy levels, which leads to the following degeneracy for the energy states
Spin 0 Mesons
The mesons with spin 0 are described by the Klein-Gordon Lagrangian density [26] 
whose equation of motion is given by
with the energy satisfying the relation:
Spin 1 Mesons
The mesons with spin 1 are described by the Proca Lagrangian density [27]
The equation of motion is
Each component of ψ µ obey a Klein-Gordon type equation, so that the energy states are
ψ µ has 4 components, but, one of the equations is a compressed constraint equation, which means that only 3 components of ψ µ are independent. So, each energy state have 3 polarizations in the case with zero charge (or without magnetic field). If the charge is different from zero (and we have the presence of an external magnetic field) there is an additional constraint for the ν = 0 energy level, which leads to the following degeneracy for the energy states
Thermodynamics
Using the Grand Canonical formalism we obtain that the particle densities for the baryons are
for the antibaryons are 22) and for the mesons are
with f (x) = (e x/T + 1) −1 and b(x) = (e x/T − 1) −1 .
The total baryonic particle density is (2.24) and the total mesonic density is
The energy density is given by the sum of the energy densities of each particle, so
with
27) 29) in the same way the pressure is given by
31)
32)
the entropy density can be found through
Chemical Potential
The hadron chemical potential is 35) where B h , I 3h and S h , are respectively the baryonic number, the third isospin component and the strangeness of the particle h. The baryonic chemical potential µ B is a free parameter of the system (the other is the temperature T ). The chemical potential of isospin µ I 3 and strangeness µ S are determined trough their respectively conservation laws. We impose the local conservation of the baryonic number, isospin and strangeness. This imposition leads to the following equations
where N B is the total baryonic number, I 3 is the total isospin, S is the total strangeness of the system and V are the volume occupied by the system. The charge conservation is automatically achieved trough the other three conservation laws. The baryonic number of an Au atom is N B = (N + Z) = 79 + 118 = 197, the isospin is I 3 = (Z − N )/2 = 19.5 and for the deuteron (d) we have that N B = 1 + 1 = 2 and I 3 = 0. Hence, assuming that the total strangeness of the system is zero, we write the following table for the conserved quantities:
• Au+Au Collision, N B = 394, I 3 = −39, S = 0.
• d+Au Collision, N B = 199, I 3 = −19.5, S = 0.
At this point it is important to emphasize some of the drawbacks of our simple calculation. As shown in [28] , the magnetic field should depend on the charges of the colliding nuclei and the number of participants should vary for different centralities. These constraints were not taken into account directly in our calculations. All the information we use as input come from the experimental particle yields and the magnetic field is modified until the best fitting is encountered. The number of different participants is reflected only in the resulting radii.
Results and Discussions
We have implemented a χ 2 fit in order to obtain the temperature and chemical potential. The particle properties (spin, mass, baryonic number, isospin and strangeness) were taken from the Particle Data Group [29] .
In tables 1, 2, 3 and 4 we show our results corresponding to the temperature and chemical potential that give the minimum value for the quadratic deviation χ 2 :
where R exp i
and R theo i are the i th particle ratio given experimentally and theoretically, and σ i represents the errors in the experimental data points.
To make clear the improvement in the data fitting by the addition of the magnetic field, we calculate the relative percent deviation (∆ % ) with respect to the experimental values for B = 0 and the best B = 0 (the bold columns in the tables) trough the equation
and show these values in parenthesis in all the tables. For the simulations our code deals with 5 unknowns (µ B , µ I3 , µ S , T , V ) and 3 constrained equations. We run over the values of µ B and T (the free parameters) in order to find the smallest χ 2 . Our results are given next.
In tables 1, 2, 3 and 4, B is the magnetic field, T is the temperature, µ B is the baryonic chemical potential, χ 2 is quadratic deviation, µ I3 is the isospin chemical potential, µ S is the strangeness chemical potential, R is the radius of the "fire-ball", ρ B = b (ρ b − ρ ab ) is the usual baryonic density, ρ ∆ = ρ ∆ ++ −ρ∆++ +ρ ∆ + −ρ∆+ +ρ ∆ 0 −ρ∆0 +ρ ∆ − −ρ∆− is delta baryon density, ρ M = m ρ m is the meson density, ρ π = ρ π 0 +ρ π + +ρ π − is the pion density, ǫ is the energy density, P is the pressure, s is the entropy density and ndf is the number of degrees of freedom. For B = 0, ndf = 5 (7 experimental values minus 2 free parameters, T and µ), for B = 0, ndf = 4 (7 experimental values minus 3 free parameters, T , µ and B). π − /π + , K − /K + ,p/p, K − /π − , K + /π + and p/π + are the theoretical (first 7 columns) and experimental (last column) particle ratios [30] . The temperatures and baryonic chemical potentials obtained from the statistical model in [30] are also given in the last columns of all tables.
In figs Our results show that, even for the free Fermi and Boson gas models, a strong magnetic field plays an important role. The inclusion of the magnetic field improves the data fit up to a field of the order of B = 10 19 G. For stronger magnetic fields, it becomes worse again. This behavior is easily observed in tables 1 to 4 and in figs.1-d to 4-d. It is worth pointing out how the "fireball" radius R and the total density ρ vary with the magnetic field in a systematic way: R and ρ practically do not change between B = 0 and B = 10 18 G, but when the field increases even further, the density increases and the radius decreases. This behavior is common to all collision cases studied. This huge jump in the density explains why the ratios get worse for a magnetic field of the order of B = 10 20 G, for which the densities are much higher than what is expected in a heavy ion collision.
Our model gives a good description for the particle/antiparticle ratios, but fails to describe the relation between baryons and mesons. This occurs because our model produces too many mesons (especially pions) as shown explicitly in the particle densities. In all collision types our model presents a baryon density (ρ B ) with more than 30% of ∆ baryons and a meson density (ρ M ) with more than 60% of π (ρ π ). The relative percent deviations in the particle yields show clearly that some results improve considerably when the magnetic field is considered, while others remain unaltered or even get slightly worse. However, our figures also show that the behavior of the χ 2 changes drastically with the addition of the magnetic field and that the temperature and chemical potentials calculated with the statistical model lie within the 3 − σ confidence ellipse obtained for the best χ 2 in some cases, but they are always outside the confidence ellipses obtained with zero magnetic field.
We would like to comment that when we first started these calculations, we were not aware of references [19, 20] and we used data obtained for low centralities, i.e., low impact parameters. In that case, the minimum χ 2 was generally smaller than the ones shown in this work and we believe this was so because of the larger error bars accompanying data at low centralities.
Further improvements on the presented calculations are under investigation, namely, the inclusion of electric fields at low impact parameters and the variation of both electric and magnetic fields with the number of participants in the collisions. Moreover, we are working on the inclusion of the anomalous magnetic moments and in the description of pion-pion interactions. We next intend to repeat these calculations for the ALICE/LHC data for the future Au+Au runs with all these improvements, so that our results become more realistic.
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